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Heteroatoms Increase the Selectivity in Oxidative Dehydrogenation

Reactions on Nanocarbons**

Benjamin Frank, Jian Zhang, Raoul Blume, Robert Schlogl, and Dang Sheng Su*

The surface of carbon materials is usually terminated by a
variety of oxygen functional groups.'"? This chemical abun-
dance has claimed an important role in many research areas.”!
Of these surface species, the ketonic and quinoidic groups are
rich in electrons and thus have great potential to coordinate a
redox process (Scheme 1). Lewis basic sites can abstract
hydrogen atoms from C—H bonds of alkanes to produce the
corresponding alkenes. The reaction of gas-phase oxygen with
the abstracted hydrogen will regenerate the active sites, with
formation of water as the product.[*

One of the hottest topics in carbon chemistry is the use of
nanostructured carbons, and especially carbon nanotubes
(CNTs), as metal-free catalysts. Recent reports have shown
an outstanding performance of nanoscaled carbon materials
in the oxidative dehydrogenation (ODH) of hydrocarbons.™*!
This progress opens new horizons for CNTs application and
provides enormous possibilities to investigate the nature of
ODH reactions on a fundamental level. In contrast to
supported transition metal oxides, nanocarbon as a simple
platform is highly adaptable to kinetic and mechanistic

Scheme 1. The oxidative dehydrogenation of alkanes over functional-
ized CNTs.
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investigations of complex redox reactions. Our recent work
has indicated a similar mechanism to that on vanadium oxide
catalysts.[*”! Furthermore, carbonaceous species can form on
the surface of metal oxide catalysts during the ODH of
propane,® which raises questions on the catalytic role of
deposited carbon. In carbon-catalyzed ODH reactions, ethyl-
benzene is predominantly used as the substrate, as the stable
conjugated system of the product styrene allows for high
yields. In contrast, light alkanes are much less reactive than
the corresponding alkenes.”’) Both the inferior selectivity and
the yield of alkenes have so far retarded the industrial
application of the ODH technology despite outstanding
advantages of the oxidative pathway as compared to non-
oxidative processes for alkene production.”!

Nucleophilic oxygen species, such as O*~, inside the active
domains have been identified as being the prerequisite for a
high alkene selectivity. Unfortunately, the most likely inter-
mediates during the activation of O, molecules, 0,>~, O, ", and
O™ are electrophilic and thus ultimately cause total oxidation,
especially of the produced alkene, which has an electron-rich
nbond.™ The implementation of an electron-attracting
dopant, such as boron or boron oxide, will reduce the
generation of highly reactive oxygen species™® and is thus
expected to increase the selectivity to propene. Herein we
report that boron-modified CNT catalysts are remarkably
selective towards propene formation in the ODH of propane.
Oxygen isotope exchange and transient experiments show
that the activation of oxygen is optimized to yield a
comparable selectivity with that of low-loaded vanadia
catalysts. We demonstrate a sustainable metal-free strategy
for propene synthesis that is free of the environmental burden
of toxic transition metals.

For a comparative study of the catalytic performance in
the ODH of propane, we evaluated pristine CNTs (CNTs),
oxidized CNTs (oCNTs), and boron oxide modified CNTs
(denoted as xB-oCNTs, with x=0.003-5 wt% B,0;). A
5wt % P,0s-loaded sample (SP-oCNTs) was prepared analo-
gously.”! The only products that were detected were propene,
CO, CO,, and H,0. Reactions in the gas phase could be
excluded by blank experiments. All the samples showed
stable catalytic performance after a few hours time-on-stream
and were investigated in detail by variation of flow rate and
reaction temperature, periodic feed of oxygen and propane,
and a test for dynamic oxygen exchange. As can be seen in
Figure 1a, samples with boron oxide and phosphorus oxide
have a superior selectivity towards propene formation than
pristine CNTs and oCNTs. Such a pronounced enhancement
can be related to the improved chemical stability after
modification. Temperature-programmed oxidation (TPO)
profiles reveal an increasing resistance to oxidation in the
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Figure 1. Catalytic performance of CNT catalysts in the ODH of
propane, with VO,-Al,O; as a reference.!'"l a) Apparent activation
energies E, of propane conversion, oxygen conversion, and propene
formation (bars), and normalized activity r,,, and propene selectivity
S (in %) at 5% propane conversion (symbols); b) propene selectivity
at 5% propane conversion (m) and reaction rate r (0) as a function of
B,O; loading wg,o,. Reaction conditions for CNT catalysts: 1 g, C;Hy/
0,/N,=1:1:4, 10-140 mL, min~", 673 K.

order CNTs < oCNTs < 2B-0CNTs =~ 5B-oCNTs < 5P-
oCNTs (Supporting Information, Figure S1). The onset
temperature and peak position shift to higher temperature
with an increasing amount of boron oxide. The modification
with borate and phosphate is indeed reported to block the
combustion sites serving as a point of attack for gaseous
oxygen, and thus to suppress the combustion of the carbon
framework at elevated temperatures.'>¥! From a kinetic
point of view, this protective effect of boron oxide modifica-
tion against O, activation is reflected by an approximately
40 kJmol™" higher activation energy of O, conversion (Fig-
ure 1a). However, the activation of propane is not affected;
the activation energy remains at (130 +5) kJmol™".

The modified CNTs are much more selective than a
variety of supported vanadia catalysts (Supporting Informa-
tion, Figure S2).' For propene selectivity at 673 K, the
following trend could be observed: VO,Al,O;>2B/5B-
oCNTs~ VO,-TiO, > 5P-oCNTs > VO,-CeO, > VO,-SiO, >
VO,-ZrO, > (0)CNTs. The decreasing selectivity with ongo-
ing conversion is due to the weaker C—H bonds in propene
and its resulting combustion.”? Total oxidation of propane is
suppressed by boron and phosphorus modification, as seen by
an almost 100 % propene selectivity by extrapolating to zero
propane conversion. Only an sp*hybridized carbon atom
allows stable and selective ODH catalysis.'”! For this study,
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CNTs were chosen as they are a compromise between high
reactivity (sp’, activated carbon) and high stability (sp?,
graphite). The compromise is motivated by the poor perfor-
mance in ODH provided by a reference sample of activated
carbon loaded with 5wt% B,O; (Supporting Information,
Figure S3).

Microscopic, spectroscopic, and thermoanalytic techni-
ques were employed to investigate the structural and surface
properties of catalysts before and after reaction. Energy-
filtered transmission electron microscopy (EF-TEM) shows
that both boron and oxygen are highly dispersed throughout
the CNT substrate (Supporting Information, Figure S4). The
composite is stable under reaction conditions, and all of the
B,0; (1.7 atom% B for 5B-oCNT) could be detected by
electron energy-loss spectroscopy (EELS) after use in ODH
(Supporting Information, Figure S5). The CNT framework
was not affected by modification by heteroatoms or the
oxidative reaction atmosphere, as shown by subsequent
characterizations by Raman spectroscopy, scanning and
transmission electron microscopy (SEM and TEM), and N,
physisorption (Supporting Information, Figures S1 and S5).
As an indication of the disorder of carbon atoms, the ratio of
the D band to the G band decreases slightly, and it varies
between 2.0 and 2.1 (Supporting Information, Table S1). The
SEM and TEM images show that fresh and used samples have
a similar morphology. The position of the major peak in the
TPO curves is almost the same; however, a low-temperature
peak at around 550 K disappears, which is probably due to the
removal of some combustible functionalities in the oxidative
reactant flow. The qualitative and quantitative change in
oxygen surface functionalities was monitored by temper-
ature-programmed desorption (TPD) and thermogravimetric
analysis (TGA; Supporting Information, Figure S6).

The initial evolution of catalytic performance of pristine
and modified CNT samples is illustrated in the Supporting
Information, Figure S7. During the time on-stream, pristine
and oxidized CNTs increase in activity. This result can be
explained by the in-situ generation of active groups and/or
elimination of labile functional groups and amorphous carbon
debris in the oxidizing feed-gas atmosphere,'® which is in
agreement with TPO and TPD results. A lower degree of
disorder accompanied by a loss of near-surface oxygen is
observed by Raman spectroscopy and also by ex-situ X-ray
photoelectron spectroscopy (XPS) and TPD, respectively
(Supporting Information, Table S1). In general, the TPD
analysis of fresh and used CNT samples shows a loss of labile
carboxy, anhydride, and lactone groups that release CO,
between 400 and 800 K, and the formation of ketonic and
quinoidic functionalities that release CO in the range 800—
1200 K (Supporting Information, Figure S6).”! The latter
species dominate the active surface together with high-
temperature-stable lactone and anhydride groups. The
oCNT samples have a higher initial activity than pristine
CNTs. However, after five hours, the difference in structure
or catalysis becomes negligible. The activation period can be
simulated by further oxidation of oCNTs (1 h, 773 K, air). A
superior stable performance of the oCNTs is observed from
the start of the reaction. Regarding the N, physisorption
results, a general rise in surface area, and in particular within
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the <5 nm sized pores, may indicate a strong impact of the
opening of closed carbon nanotubes at their ends by gas-
phase oxygen during the ODH reaction. However, the active
sites that are generated are unselective and favor CO,
formation, as shown by a drastic decrease in propene
selectivity within the initial period (Supporting Information,
Figure S7).

In contrast, B,O;-modified CNTs deactivate to a small
extent initially, which may be due to the decomposition or
thermal spreading of the deposited B,O; precursor. The
balance between activity loss and selectivity gain can be tuned
by controlling the amount of boron dopant (Figure 1b). Both
overall activity and propene selectivity show a strong depend-
ence on the boron oxide loading. Apart from the suppressed
total combustion reaction on the modified CNTs, a further
reason for enhanced propene selectivity may also be the lower
reoxidation capacity of active sites. Boron oxide as an
electron-deficient promoter tends to inhibit the dissociative
adsorption of O, and thus sustains the selective oxygen
species on the catalyst surface.'”] The effect of boron oxide
was observed for a loading as low as 0.003 wt % (Figure 1b),
thus clearly demonstrating that only a negligible fraction of
surface functionalities detected by the applied characteriza-
tion techniques are catalytically active. The propene selectiv-
ity increases from 17 % to 28 % whereas the overall reaction
rate decreases from 4.3 to 3.2 mmolg 'h™!, resulting in an
improved production of propene of up to 18 % . The maximum
productivity of propene was found at a B,O; loading of
0.01 wt %. It should be noted that propene yield at the same
conversion increases with the reaction temperature, whereas
the thermal stability of B,0O;-modified CNTs increases with
increased loading. Thus the combined optimization of reac-
tion conditions and boron oxide loading with regard to the
propene yield is quite complex.

The oxygen exchange capabilities of oCNT samples with
and without B,O; modification were investigated by switching
diluted '*0, with its '®O, isotope tracer. As shown in
Figure 2a, oCNTs are very active in oxygen exchange, and a
pronounced generation of OO was observed even in the
absence of propane. In contrast, the amount of "*O'O
decreases with increasing B,0; loading, and almost vanishes
on the highly B,0Os-loaded samples (Figure 2b). This phe-
nomenon is similar to the case of a low-loaded VO,-Al,O;
catalyst, which was studied herein as a reference system
having a good ODH performance with propane.'! Electro-
philic intermediate oxygen species, such as peroxide or
superoxide, on unmodified CNTs are most likely the cause
of the high activity but low selectivity with propene.

The uniform nature of the active sites can be derived from
the reaction and characterization measurements. Pristine and
oxidized CNTs have a similar activity and selectivity in the
steady state, and also similar apparent activation energies of
propane conversion, oxygen conversion, and propene forma-
tion (Figure 1a). The same holds for the boron and phospho-
rus oxide modified nanotubes with 5 wt% loading. These
results suggest that the surface domains activating the ODH
turnover do not contain either boron or phosphorus, and
these heteroatoms do not affect the nature of active sites. All
the experiments show that the effect of boron and phosphorus
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Figure 2. Oxygen exchange on a) oCNTs, and b) 5B-oCNTs, after the
gas atmosphere was switched from 2% '°O,/Ne to 2% "0,/2% Ar/
96% Ne, 673 K, 100 mg, 10 mL, min~" given as ion current I. Black
sold line: '°0,, black dashed line: '®0,, gray solid line: 00
(magnified 300 times).

oxide is to block or cover the combustion sites on the surface
or the groups causing CO, formation, and is in agreement
with the TEM/EELS and XPS results (Supporting Informa-
tion, Figures S5 and S8). Owing to the chosen preparation
method, the majority of amorphous B,O; is deposited in the
cavity and on the tips of CNTs.!"8! Only a minor fraction of the
outer CNT surface is covered by an amorphous coating of
about 1-2 nm thickness, whereas a highly dispersed sub-
monolayer deposition of BO, species is expected to be
omnipresent, as the reduced surface area of modified CNTs
may also be interpreted as the filling of surface defects and
holes in the graphene layers. The good thermal stability of the
doped samples during TPO indicates a covalent bonding to
the CNT structure, whereas the B,O5/P,Oj filling of the CNTs
acts as a backbone against oxidation.

An insight into the origin of high activities and selectiv-
ities of vanadia and modified CNTs compared to unmodified
CNTs is obtained by an experiment with periodic feeds of
propane and oxygen. Figure 3a—c shows the transient
responses of reaction products as propane flows over the
oxygen-treated surface. A large amount of CO and CO, is
quickly formed over unmodified CNTs, showing that the
direct combustion pathway of propane occurs to some degree.
However, the interaction of propane with oxygen-treated
surfaces of the modified CNTs and VO,-Al,O; preferentially
yields propene, whereas the total combustion to CO, occurs
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Figure 3. Periodic feed experiments. Step marking of 2% C;Hg/He on freshly oxidized catalyst (a—c) and of 2% O,/He on propane-reduced
catalyst (d—f). a,d) oCNTs, b,e) 5B-oCNTs, c,f) VO,-Al,05; 673 K, 100 mg, 10 mL, min~". Black CyHs, red C;H, green CO,, cyan CO, blue O,. The

numbers on the curves indicate the decrease relative to the other curves.

only to a small degree. It is clear that each carbon catalyst
yields a similar amount of propene, especially taking into
account the different surface area and amount of surface
oxygen (Supporting Information, Table S1, Figure S8). This
result indicates that surface modification with B,O; solely
affects non-selective active sites, as it has been shown for P,O5
in the ODH of n-butane.” With regard to the overall activity,
the amount of reaction products formed on the vanadia
catalyst is very low. From these results, we can therefore
estimate the specific turnover frequency on carbon-based
active sites to be approximately 30 times lower than that on
vanadia sites in VO,-Al,05.14

One reason for this effect can be derived from subsequent
reoxidation of the catalysts reduced by the reaction with
propane (Figure 3d-f). The amount of propane adsorbed on
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the vanadia catalyst is very small and its elimination by
combustion is very fast compared to CNT catalysts. For
carbon catalysts, there is a much higher amount of propane
adsorbed on the surface, sticking on the active sites to result in
a huge amount of CO, before reoxidation of the active site.
Consequently, CNT catalysts have a superior performance
under oxygen-rich reaction conditions (Supporting Informa-
tion, Figure S9). Vanadia catalysts, the most selective metal-
based catalysts, can work well at a low partial pressure of
oxygen owing to suppression of consecutive propene com-
bustion. The critical issue of self-oxidation stability has been
accounted for by long-term studies of selected catalysts
(Supporting Information, Figure S10). Using an oxygen-to-
hydrocarbon ratio of 1:1, VO,-Al,O;, 5B-oCNTs, and even
non-modified oCNTs provide stable catalytic performance
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for a time-on-stream of up to 200 h. Using diluted feeds, 5B-
oCNTs at similar conversion give a similar propene selectivity
to VO,-ALO;."" A steady increase in activity of SB-oCNTs
whilst maintaining the high selectivity shows the potential in
synthesizing more optimized catalysts in the near future.

Nanocarbons are an attractive alternative to metal oxide
catalysts for ODH reactions of not only ethylbenzene but also
light alkanes. Propane molecules are activated by the surface
oxygen groups to yield propene with a remarkable selectivity.
Propane adsorption on the reduced catalyst surface, which
appears to be detrimental for alkene selectivity, can be
efficiently reduced by modification with a small amount of
boron oxide. This, on the other hand, will suppress formation
of non-selective oxygen species. One of the remaining draw-
backs is the low overall activity of carbon catalysts, which can
be overcome by fabricating a high concentration of selective
sites on the surface.

Experimental Section
Catalyst preparation and characterization: Pristine carbon nanotubes
(CNTs) were obtained from Nanocyl (NC 3100). CNTs were refluxed
in concentrated nitric acid (100 mLgeyr ') for 2 h, washed with
deionized water to pH 6-7, and dried in air at 393 K overnight
(oCNTs). B- and P-modified samples were prepared by incipient
wetness impregnation of oCNTs (6 mL g™") using aqueous solutions of
(NH,),B,0,,+8H,0 and (NH,),HPO, (Sigma Aldrich, >99%), to
achieve loadings of between x=0.003 and 5 wt% B,0O; or 5 wt%
P,0s. Impregnated samples were dried in air at 393 K overnight (xB-
oCNTs, 5P-oCNTs). Specific surface areas (BET) and pore size
distributions (BJH) of the CNT samples were determined by N,
physisorption at 77 K using a Micromeritics 2375 BET apparatus.
Relative amounts of disordered (D) and graphitic (G) carbon species
were determined by laser Raman spectroscopy using an ISA LabRam
instrument equipped with an Olympus BX40 microscope attachment.
Excitation wavelength was 632.8 nm and a spectral resolution of
0.9 cm ™! was used. TEM was performed using a Philips CM200 FEG
transmission electron microscope (accelerating voltage 200 kV) using
high-resolution imaging, EELS, and EDX (energy-dispersive X-ray
spectroscopy). Elemental mapping was conducted under STEM
mode with the EDX detector as recorder. SEM images were obtained
with a HITACHI S-4800 instrument (cold FEG in SE and in quasi
BSE mode with accelerating voltage of 2-15 kV). Elemental analysis
was performed using an EDAX Genesis 4000 System equipped with a
sapphire detector. Information about the carbon species with differ-
ent resistance against oxidation was obtained by TPO. 20 mg of
sample was heated linearly in a quartz tubular reactor from 323 to
1100 K in a 15 mL, min" flow of 13.3 vol % O, in He. The product gas
was analyzed by on-line MS (Pfeiffer QME 200); the masses 4, 17, 18,
28, 32, and 44 were monitored for the detection of He, NH;, H,O, CO,
0O,, and CO, with a time-resolution of 4 s. Surface analyses by XPS
were performed at ISISS beam line at BESSY II, Berlin, Germany.
The XP spectra were corrected for beam intensity. Prior to fitting, a
Shirley background was subtracted. Peak areas were normalized with
theoretical cross-sections to obtain the relative surface compositions.
Catalytic testing: A standard catalytic testing procedure was
performed in a set-up described elsewhere.'¥! Respectively 1g of
granulated CNT sample (100-450 um) was kept at 673K in a
60 mL, min~! flow with C;Hg/O,/N, = 1:1:4 until constant conversion
was achieved. Thereafter, the total flow rate was varied between 10—
120 mL,min"". The apparent activation energy was determined by
step-wise cooling (10 K steps) down to 623 K at 60 mL, min"". For
steady-state isotope transient kinetic analysis (SSITKA) and periodic
feed experiments, 100 mg of sample were used with a flow rate of
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10 mL, min~! and aging period of 5 h in a C;Hg/O,/N, = 1:1:4 stream.
The following gas mixtures were used: 2% '°O,/He, 2% C;Hg/He, 2%
1°0,/98 % Ne, and 2% *0,/2% A1r/96% Ne.
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